Tuning of an integrated polymethyl methacrylate (PMMA) sphere whispering gallery mode (WGM) resonator is demonstrated. The WGM resonator is constructed by inserting a PMMA sphere into an etched microstructured fiber with suspended core, where the sphere with diameter of 31.5 μm functions as a WGM cavity. The suspended core with radius of 1.5 μm is used to feed and pick up the WGM field. Experimental results show that the maximum quality factor of the proposed WGM resonator is 5.9 ×10 4 and that the resonant wavelength shifts toward longer wavelength as the temperature decreases. A tuning range of 1.93 nm is realized by 210 mA dc current due to the thermo-optic effect.
Introduction
Due to the high quality factor (Q factor) and small mode volume, light-matter interaction can be significantly enhanced in whispering gallery mode (WGM) resonators [1] . WGM resonators have been used in, but not limited to, single molecule detection, Raman lasers, laser linewidth narrowing, cavity quantum electrodynamics, cavity opto-mechanics, and the micro frequency comb [2] - [7] . To maximize the resonant effect, the WGM resonance depending on both the cavity size and the refractive index has to match the laser wavelength. It is challenging for current technique to control the cavity size to the calculation during fabrication process, for example, a fabrication error of 0.006% leads to resonance deviation of 11 GHz for a silica disk at 1550 nm [8] . Chemical, mechanical, pressure, and thermal methods have been demonstrated to actively tune the WGM resonance. Chemical etch can effectively decrease the cavity size whereas the process is irreversible. Moreover, special attention should be paid to protect the cavity smoothness from deterioration [8] , [9] . Tuning by mechanical methods, including stretching or pressing, is bulk in volume [10] . WGM resonators made by materials with large electro-optic coefficient can be tuned electrically, such as the resonator made by lithium niobate or polydimethylsiloxane [11] , [12] . Pressure aided tuning can only be used for thin walled bottle or bubble resonators [13] - [15] . Reversible and fine tuning can be realized by thermo expansion and thermo-optic effects of the WGM resonators. Different ways for generating and transferring heat to the WGM resonators have been reported, including the metal or graphene heater and rare ions or magnetic fluidics filled in the resonator [16] - [22] . It is easy for the graphene heater with thermal conductivity up to 5300 W/(m·K) to cover and tune the on-chip silicon disk or ring resonator, and a Q factor of ∼4000 or 2 × 10 4 changes little during the tuning process since the waveguide and cavity are integrated on the silicon wafer simultaneously. Although the tapered fiber coupled WGM resonators demonstrate higher Q factor, the Q factor is prone to be affected by the gap between the tapered fiber and the cavity.
In this paper, an integrated and electrically tunable sphere WGM resonator is demonstrated experimentally. The WGM resonator with Q factor of 5.9 × 10 4 is constructed by inserting a PMMA sphere with diameter of 31.5 μm into an etched microstructured fiber. The minimum diameter of the suspended core in the microstructured fiber is ∼3.0 μm. The Q factor is stable in the tuning range of 1.93 nm since the sphere is physically in contact with the etched fiber core.
Principle
The operation principle of the proposed WGM resonator is schematically shown in Fig. 1 . The guided fundamental mode with Gaussian profile in the single mode fiber (SMF) is injected into the core of a microstructured fiber, where slight Fresnel reflection occurs due to the refractive index difference between the two cores. The evanescent field of the core mode in the microstructured fiber is enhanced by the tapered structure, which is realized by chemical etching. The evanescent field is then coupled into a sphere that physically contacts with the core, exciting WGMs in the sphere cavity [23] .
The resonant characteristics of the WGM cavity is studied by finite difference time domain method. Fig. 2(a) shows the refractive index distribution of the WGM resonator, where the core refractive index of SMF and microstructured fiber are1.4682 and 1.4628, respectively. The core radius of the SMF is 4.1 μm and the maximum/minimum core radii of microstructured fiber are 7.5 μm/1.5 μm. The length of the microstructured fiber is 100 μm. The Gaussian input with mode field diameter of 10 μm is placed at the position X = −90 μm and Y = −18.5 μm. The sphere with diameter of 31.5 μm and refractive index of 1.49 locates at X = 0 μm and Y = 0 μm. The spectrum of the WGM resonator is shown in Fig. 2(b) , demonstrating that the free spectrum range (FSR) for TE mode and TM mode are both 16.52 nm while the wavelength difference with the same azimuthal number is 4.94 nm. The field distribution at resonant wavelength 1552.1 nm for TE mode and at 1547.16 nm for TM mode are shown in Fig. 2(c) and (d) , respectively.
The resonant wavelength in the WGM resonator is approximately determined by 2πn eff r = mλ (1) where n eff is the effective refractive index of the WGM, r is the cavity radius, m is the azimuthal number, and λ is the resonant wavelength. As the effective refractive index n eff and the cavity radius r vary with the external temperature T, the resonant wavelength λ shifts accordingly as
where δn eff and δr are the changes in the effective refractive index and the cavity radius resulting from the thermo-optic and thermo expansion effect, α and β are the thermo-optic and thermal expansion coefficient, and δT is the temperature change. According to (2) , the resonance shift with respect to the temperature can be expressed as
Compared with silica, PMMA demonstrates higher thermo-optic and thermo expansion coefficients. Meanwhile, the refractive index of PMMA is slightly higher than that of silica, meaning that PMMA sphere can confine light by total internal reflection at the PMMA-cladding interface. The negative thermo-optic coefficient of PMMA is one order of magnitude higher than the thermo expansion coefficient in amplitude, which are on the order of 10 −4 /K and 10 −5 /K, respectively. Correspondingly, the resonant wavelength shifts toward shorter wavelength as the temperature increases. However, the temperature induced wavelength shift heavily depends on the PMMA material, and different sensitivities ranging from − 10 pm/K to − 360 pm/K in the 1550 nm region for the PMMA fiber gratings have been reported [24] , [25] .
Experimental Results and Discussions
To fabricate the WGM resonator, a piece of microstructured fiber is fusion spliced to an SMF (Corning SMF-28) with a pre-set program (FITEL, S176) and cleaved to ∼650 μm, as shown in Fig. 3(a) . The cross section of the microstructured fiber photographed using a microscope (KEYENCE, VHX-600) is shown in Fig. 3(b) . The core diameter and the wall thickness are measured to be ∼15.0 μm and 3.5 μm. A weak Fabry-Perot interferometer is constructed by two reflective mirrors. One is the splicing point due to the refractive index difference between the two cores and the other is the core-air interface. The reflective spectrum is shown in Fig. 3(c) . The microstructured fiber is then immersed into hydrofluoric (HF) acid solution for 50 minutes. An oil film is deposited into the HF acid solution to prevent acid evaporation, which results in a concentration gradient neighboring the oil film. A tapered suspended core is formed after removing the wall since the wall thickness is less than the core diameter, and the HF solvent used to etch the PCF is removed by two steps. In the first step, the fiber etched by HF solvent is placed into an ultrasonic cleaner filling with ethyl alcohol to remove the HF solvent, where the cleaning process lasts for 2 minutes. In the second step, the ethyl alcohol left in the PCF is evaporated by placing it on a heater for an hour, where the temperature is set to 125
• C. The micrograph of the etched microstructured fiber is shown in Fig. 3(d) , in which the core diameter is measured to be 3.0 μm at the tip. The reflective spectrum is shown in Fig. 3(c) , indicating that etching process results in additional insertion loss of ∼6 dB.
The PMMA spheres ([C 5 H 8 O 2 ] n , CAS-9011-14-7) with different sizes are dispersed by alcohol on a glass side. After evaporation for about 30 minutes, a sphere with diameter of 31.5 μm is picked up by a tapered fiber and transferred into the etched microstructured fiber, as shown in Fig. 3(e) and (f) . Once the PMMA is inserted into the fiber, the fiber cladding functions as a lens, so that the sphere in Fig. 3(f) looks bigger than that in Fig. 3(e) with the same zoom factor. The reflective spectrum of the WGM resonator is measured by the experimental setup shown in Fig. 4 . Light from a tunable laser (TL) with linewidth of 500 MHz is injected into port 2 from port 1 of an optical circulator and the reflective spectrum of the WGM resonator is detected by an optical spectrum analyzer (OSA, Micron Optics, si720) that connects to port 3 of the circulator.
The measured reflective spectrum of the WGM resonator is shown in Fig. 5(a) , demonstrating that TE mode and TM mode coexist, and according to the simulation results shown in Fig. 2(b) , the resonant dip at longer wavelength represents the TE mode. The FSR of TE mode is the same as that of TM mode, i.e., 16.3 nm. By Lorentzian fitting, the Q factors of TM mode and TE mode determined by λ/ λ are 5.9 × 10 4 and 3.0 × 10 4 , respectively, as shown in Fig. 5(b) and (c). To perform the tuning characteristics of the PMMA sphere WGM resonator, the WGM resonator is adhered to a thermoelectric cooler (TEC), as shown in Fig. 4 . The temperature of the TEC decreases when the external DC current increases according to Peltier effect, leading to the increase of the refractive index of the PMMA sphere, whereas the sphere size decreases. A thermo coupler and an infrared thermometer are used to calibrate the TEC temperature simultaneously. The temperature decreases by 1 K when the current increases by 50 mA. Within 110 mA, the current applied to the TEC increases with a step of 10 mA and the step becomes 20 mA from 110 mA to 210 mA. The thermo-optic coefficient is one order of magnitude higher than the thermo expansion coefficient, so the resonant spectrum shifts toward longer wavelength as the current increases for both TE mode and TM mode, as shown in Fig. 6(a) and (b) . It can be seen that the Q factors of TE mode and TM mode keep almost unchanged during the whole tuning process since the PMMA sphere keeps contact with the suspended core, as shown in Fig. 6(c) . 6(d) shows that the tuning rates of TE mode and TM mode with the same azimuthal number are 9.2 pm/mA and 8.8 pm/mA, respectively. Considering the relationship between the DC current and the temperature change of the TEC, the resonant wavelength shifts with respect to the temperature by ∼460 pm/K and 440 pm/K for TE mode and TM mode. Since the thermal conductivity of the fiber cladding is 1.38 W/(m·K), resulting in heat dissipation during the transfer process from the TEC to the PMMA sphere. The tuning rate of such a WGM resonator can be further improved by thinning the fiber cladding or increasing the contact area between the TEC and the fiber cladding. By side polishing the microstructured fiber, the line contact between the fiber cladding and the TEC is modified into area contact, which is proved to lower the heat dissipation.
Conclusion
In summary, we have demonstrated an integrated and thermo-optically tunable WGM resonator with maximum Q factor of 5.9 × 10 4 by encapsulating a PMMA sphere into an etched microstructured fiber. Due to the high thermo-optic coefficient of the PMMA sphere, a tuning range of 1.93 nm has been achieved by DC current of 210 mA, equaling a temperature tuning rate of 460 pm/K for TE mode. Such a WGM resonator could also be used as a temperature or current sensor due to its compact structure and high sensitivity.
